INTRODUCTION
While climate models consistently predict moderate to large increases in air temperatures in most temperate ecosystems over the next century, air temperature projections can be of limited use to ecologists, who study the responses of vegetation and soil processes to winter climate change in these systems and are most interested in changes in snow cover and soil freezing. Soil freezing is influenced by interactions between air temperature and snow cover, with snow insulating soil from changes in air temperature (Isard & Schaetzl 1998) . Air and soil temperatures can often become decoupled over winter, and it has been hypothesized that reduced snow cover caused by climate warming will increase soil freezing in some temperate regions . Extremes, such as minimum temperatures, and thresholds, such as soil frost, are accompanied by much larger uncertainties than mean values in climate models (Randall et al. 2007 ). They do, however, have important ecological implications, and therefore need to be investigated by a combination of climate models, observations and statistical projections. Regional climate models predict an increase in the snow-free season and in soil temperatures over Europe by the end of the century (Jylha et al. 2007 , Mellander et al. 2007 . At least for northern latitudes, increases in soil freeze/thaw cycles (FTCs, i.e. changes in sign from negative to positive in any pair of consecutive soil temperature records), are predicted (Vena -ABSTRACT: Current climate models are effective at projecting trends in mean winter temperature; however, other ecologically relevant parameters -such as snow cover and soil frost dynamics -are less well investigated. Changes in these parameters are expected to have strong ecological implications, especially in the temperate zone, where it is uncertain whether snow and soil frost will occur with regularity in the future. We explored trends in days with snow on the ground (snowdays), minimum soil temperature (MST), and number of soil freeze/thaw cycles (FTCs, i.e. changes in sign from negative to positive in any pair of consecutive soil temperature records at 5 cm depth) at 177 German weather stations for 1950-2000. Future trends were explored by statistical modelling based on climatic and topographic predictors. Snowdays decreased uniformly at a rate of 0.5 d yr -1 in the recent past. This trend is projected to continue to a point where significant parts of Germany will no longer regularly experience snow cover. MST has increased, and is projected to do so in the future, mainly in southern Germany. FTCs have been decreasing uniformly in the recent past. No evidence for increased FTCs or decreased MST with decreasing insulation due to missing snow cover was found. FTCs are projected to decrease disproportionately in northeastern Germany, where past frequencies were higher. Ecological implications of the significant decrease in the occurrence and magnitude of the climate parameters studied include changes in nutrient cycling, productivity and survival of organisms over wintering at the soil surface. Ecological research is needed, as the effects of diminished winters on ecosystems are not well understood. lainen et al. 2001 lainen et al. , Mellander et al. 2007 or have been observed (Henry 2008) . A more detailed investigation is, however, necessary at warmer latitudes, where climate change may eventually cause a loss of winter processes associated with freezing (Kreyling 2010) .
Overwinter processes can have substantial effects on ecosystems that are seasonally covered with snow, as originally de monstrated for the Arctic (e.g. Clein & Schimel 1995) , but now these concepts have been extended to temperate regions (Campbell et al. 2005) . In particular, intense soil freezing can disrupt soil microbial activity (Yanai et al. 2004 , Bolter et al. 2005 , and damage plant roots , Weih & Karlsson 2002 , leading to increased soil nitrogen leaching (Joseph & Henry 2009 ), increased soil trace gas losses , decreased plant productivity, and plant mortality (Schaberg et al. 2008) . Freezing can also affect soil physical processes directly by breaking up aggregates (Oztas & Fayetorbay 2003) , and reducing water infiltration (Iwata et al. 2010) .
The effects of freezing depend on soil freezing dynamics, as the frequency, duration and rate of freezing modulate the effects of intensity (Elliott & Henry 2009 ). Thus, ecosystem responses to FTCs have received considerable attention (Henry 2007) . The correlation between warmer winters and an increased number of FTCs has been demonstrated for relatively cold temperate systems (Henry 2008) . However, this trend has not been ubiquitous, especially for warmer temperate systems (Sinha & Cherkauer 2008) , where warming can lead to unfrozen soils year round and a complete absence of FTCs. Nevertheless, the transition from systems that will experience increased FTCs in response to warming to those that will experience decreased FTCs has not been studied yet.
Plant and soil responses to FTCs have not been consistent among studies, with numerous examples of very minor to no effects (e.g. Grogan et al. 2004) , and even examples where increased FTCs have en hanced plant productivity (Kreyling et al. 2008 ) and soil nutrient retention (Hentschel et al. 2008 ). This variation in results from may to some extent originate from differences in freezing responses among soil and vegetation types (Lipson & Monson 1998 ), but it also appears that variation in FTC treatments among studies has been an important factor, with studies featuring the most severe freezing treatments typically demonstrating the most extreme results (Henry 2007) . While efforts can be made to ensure that the freezing rate and intensity are realistic in soil freezing experiments (Herrmann & Witter 2002 , Ferrick & Gatto 2005 , the selection of realistic FTC scenarios becomes challenging in the context of climate research, because predicted changes in FTC frequency must be extrapolated.
Informed predictions of future changes in snow cover and soil freezing dynamics are required in order to interpret the relevance of FTC treatments in the context of climate change.
We examined soil temperature and snow data from 177 sites in Germany with records ranging from 15 to 60 yr in length to explore how snow cover and soil freezing dynamics have changed over time. We also examined how mean winter air temperature and precipitation have correlated with annual soil FTCs. We predicted that snow cover would have declined in warm years across all sites, with the coldest sites experiencing the greatest number of FTCs and lowest minimum temperatures in warm years, and the warmer sites exhibiting the opposite trend. We also used climatic and topographic site parameters to model annual FTCs and to predict changes in FTCs in response to climate change.
MATERIALS AND METHODS

Weather station data
Climate data on soil temperature and snow cover were obtained from the German Weather Service (DWD). Although data series exist for 420 stations, only those stations with >15 yr of continuous data were included in the analyses. This resulted in 177 stations for snow data (28 stations with less than 20 yr coverage, 33 between 21 and 40 yr, and 116 between 41 and 60 yr) and 146 stations for soil temperature (74 stations with less than 20 yr coverage, 48 between 21 and 40 yr, and 24 between 41 and 60 yr). The DWD measures soil temperature and snow depth in plots that are kept free of vegetation in local ambient soil substrate. Snow depth is measured at 07:00 h. Soil temperatures are recorded at 07:30, 14:30 and 21:30 h, with the first 2 corresponding roughly with the daily minimum and maximum soil temperature. Here, temperature readings at -5 cm were used.
We defined days with snow on ground (snowdays) by the number of days with at least 1 cm of snow. Minimum soil temperature (MST) was defined as the absolute minimum temperature in any of the 3 records per d over each winter. FTCs were recorded as the number of changes in sign from negative to positive for any pair of consecutive records in soil temperature data. All 3 parameters (snowdays, MST and FTCs) were recorded per winter, not per calendar year, with the months August to December added to the following calendar year.
Mean winter air temperature was calculated as the mean of the daily mean air temperature (mean of the readings for the 3 records d -1 ) between 1 November and 31 March, and was obtained for all stations with free data access (29 weather stations). Ordinary linear least-squares regression was used to determine trends. When applied to the full data set of all stations at once, station identity was introduced as a random factor in linear mixed effect models (Pinheiro & Bates 2004) .
Spatial and temporal projections
Spatial and temporal projections were realized by regression models between the 15 yr mean for each target parameter (i.e. snowdays, MST and FTCs) along with climatic and topographic predictor variables for each station. Climatic predictors for current conditions were taken from the WorldClim dataset (see www. worldclim.org) for the period 1950 to 2000 at a spatial resolution of 2.5' (Hijmans et al. 2005) . Derived variables included mean annual temperature, mean winter temperature, mean temperature of the coldest month, minimum temperature of the coldest month, difference between mean temperature of the coldest and the warmest months, mean annual precipitation sum, mean winter precipitation sum, annual heat-moisture index (mean annual temperature + 10)/(mean annual precipitation/1000), mean winter precipitation sum, mean diurnal range (mean difference of monthly maximum and minimum temperature), sum of degree days below 0°C, isothermality (mean diurnal range divided by temperature annual range), and temperature seasonality (mean annual temperature standard deviation). Topographic predictors included altitude, slope, and aspect, which were derived from Shuttle Radar Topography Mission (SRTM) digital elevation data sources (Jarvis et al. 2008) .
Generalized linear models (GLM) and boosted regression trees (BRT) (Elith et al. 2008 ) were used to fit regression models between the observations and the climatic and topographic predictors. Predictor selections were optimized, based on 10-fold cross-validated least-squares correlation and residual mean squared error between observed and predicted values. Best-fit models were subsequently used to spatially predict the target variables at the chosen spatial resolution of 2.5'.
Temporal projections into the future were achieved by the application of the regression models on climatic predictors from the Global Climate Model HadCM3 and SRES-scenario A2 for the time period 2070-2100 and spatial resolution of 2.5' downloaded from WorldClim, which is statistically downscaled to the chosen spatial resolution.
GLM and BRT regression led to almost identical results concerning model accuracy and the set of predictors. The ranges of the climatic predictors for the future projections, however, do not overlap well with their current ranges. BRT is not well suited for such a situation, as it tends to be too conservative and consequently underestimates changes. The geographical pattern, however, was predicted similarly. Based on this, GLM results are presented here.
RESULTS
Historical trends
Snowdays have decreased in Germany over the last 60 yr (Fig. 1a) . This trend was highly significant, averaged over all stations. Of the 177 stations, 150 showed a negative trend (p < 0.05 for 69 stations), and 21 a positive trend (p < 0.05 for 1 station). The general decrease has accelerated over the last 15 yr, with the slope decreasing from -0.48 to -0.89 d yr -1 . Annual MSTs have increased over the last 60 yr (Fig. 1b) . Soil temperature observations were only started at several stations in 1992. When the start of the observations is restricted to this date, the slope increases from 0.02 to 0.12°C yr The number of FTCs per winter has decreased and the rate of decrease is independent from the start of ob servations (1950 versus 1992; Fig. 1c ). Of the 146 stations, 110 showed a negative trend (p < 0.05 for 40 stations) and 36 a positive trend, of which none were statistically significant.
Mean winter air temperature showed a consistent negative correlation with the number of FTCs at almost all stations (26 of 29) analyzed, indicating that warmer winters cause fewer soil FTCs (Fig. 2a) . The 3 stations with positive slopes were generally colder and located at altitudes above 700 m a.s.l. Winter precipitation was without exception negatively correlated with the number of soil FTCs (Fig. 2b) .
The significant decrease in the number of FTCs over the last 15 yr occurred predominantly in the eastern central German uplands (Fig. 3) . The station with the most rapid change was also the station at the highest elevation (Fichtelberg, 1213 m a.s.l.). Uniform significant reductions in the number of FTCs occurred, furthermore, in southern and western Germany. Fewer significant changes were observed in northeastern and central Germany.
Projections
Snowdays was predicted by 4 climatic and environmental predictors listed in Table 1 (GLM: crossvalidated correlation r cv = 0.76; BRT: r cv = 0.74). Current spatial patterns are mainly influenced by altitude and temperature, resulting in reduced snow cover in the lowlands of northern Germany (Fig. 4 top panels) . Projected future changes imply a more or less uniform reduction in snowdays. The overall mean is predicted to decrease from 33 d to 10 d (2070-2100).
MST was reasonably well predicted by 7 climatic and environmental predictors (Table 1K ; GLM: r cv = 0.60; BRT: r cv = 0.60). Currently, low MSTs occur predominantly in northern Germany, where no long-lasting snow cover exists (Fig. 4 middle panels) . Projected future changes imply a stronger in crease in MSTs in southern Germany, while changes in the currently colder northern parts are less strong. Nevertheless, MST is predicted to increase over all grid cells from a mean of -7.5°C to -2.5°C (2070-2100).
Contrary to the other 2 parameters, the number of FTCs could not be well explained by the regression models (GLM: r cv = 0.42; BRT: r cv = 0.39). The 2 regression techniques again produced very similar spatial 272 Fig. 2 . Least squared regressions of annual soil soil freeze/ thaw cycles (FTCs) at 5 cm depth against (a) mean air temperature from 1 November to 31 March (y = 14.7 -0.172x; p < 0.001) and (b) total precipitation from 1 November to 31 March (y = 12.9 -0.004x; p < 0.001) for the 29 weather stations with a complete record of the relevant climatic parameters at a daily resolution. Grey and black lines as in Fig. 1 Target patterns for current conditions, while differing strongly in future projections. Here, BRT produced results of no overall change, which is not in line with the trends explored above and the GLM results. Even though GLM resulted in reasonable outputs, caution must be exercised in the interpretation of this prediction. The weather station data confirm the general spatial pattern of more FTCs in eastern, southeastern, and northern Germany (Fig. 4 lower panels) . For the future, the model forecasts the strongest absolute decrease in areas where most FTCs currently occur. The overall mean is projected to decrease from 7.5 (1950-2000) to 2.9 (2070-2100).
DISCUSSION
Historical trends
As we predicted, increased air temperatures in Germany over the last 60 yr have coincided with both decreases in the annual number of snowdays, and a decrease in the number of FTCs for the warmest sites; however, our prediction of an opposite trend for the coolest sites was not well supported, as only the coldest of 29 stations showed the expected in crease (Fig. 2) . In this respect, our results were not consistent with those obtained by Henry (2008) for a range of 273 Fig. 4 . Current spatial patterns, future changes in snowdays, minimum soil temperature (MST), and num ber of soil freeze/ thaw cycles (FTCs), based on generalized linear models regression between weather station data (circles, with size indicating magnitude) and high resolution climatic parameters (Hijmans et al. 2005) sites across Canada. Nevertheless, with the exception of one site, the Canadian sites fell within a range of -25 to 0°C, whereas mean annual winter temperatures for most of our sites ranged from 0 to 4°C. Therefore, our respective studies appear to represent the transition from cold sites, which will experience in creased FTCs with warming, and warmer sites, which will feature the opposite trend. This contrast be tween colder and warmer sites is supported by results obtained for 3 sites along a latitudinal gradient in the United States over the last 40 yr (Sinha & Cherkauer 2008) . The main caution, arising from comparing North American sites to the sites in our study, is that most of the North American sites are strongly influenced by continental air masses, whereas our sites are moderated by the Gulf Stream over winter, causing them to experience milder winters at the same latitudes. Increased winter precipitation was also correlated significantly with a decreased number of FTCs for our sites, which is consistent with the insulation of soil by snow (Isard & Schaetzl 1998) . However, the influence of variation in precipitation on FTCs was much less than that of temperature. Nevertheless, the decoupling of cold weather from precipitation events could increase the severity of soil freezing. In particular, for our sites, cold dry air masses that move in from the East can result in soil freezing, but are not accompanied by snowfall.
Our spatial analysis of trends in the number of FTCs revealed relatively even coverage of sites exhibiting significant decreases over time. One exception was northeastern Germany, for which temperature re cords only dated back several decades, reducing the statistical power for these sites. Likewise, sites exhibiting the most extreme slope values tended to feature shorter data series. Another spatial bias in our data arose from the predominant location of weather stations in valleys, leaving the higher elevation regions and especially the Alps under-represented.
Between 1950 and 2009, the observed rate of change in MST in our data set (0.20°C per decade) corresponds closely to the warming trend in mean annual air temperature of 0.24°C per decade for Germany (DWD 2010). A high share of stations, however, started observations in 1992 (Fig. 1b) . Since 1992, MST in our data set increased 3 times faster than mean air temperature (1.24 versus 0.40°C per decade). For Germany, we therefore cannot confirm the expectation of colder soils in a warmer climate despite the decreasing snow cover. For colder temperate regions, however, where this hypthesis was originally formulated , this prediction may remain valid.
Projections
Our modelling results, with an increase in the snowfree season and in soil temperatures by the end of the century, agree with other projections for Europe, based on regional climate change models (Jylha et al. 2007 , Mellander et al. 2007 ). However, similar to the analysis of historical data discussed above, models from northern Europe have projected increases in soil FTCs (Venalainen et al. 2001 , Mellander et al. 2007 ), in contrast to our result of decreased FTCs for the German sites, which are warmer.
Combined with our projection of large decreases in snowdays for southern Germany, our model also suggests that MSTs in the south of the country will rise more than in the north. Given that MSTs are already higher in the former than in the latter, the net result is that MSTs may not fall much below 0°C in the south by the end of the century, while they will still remain in the range of -5 to -10°C in the north (we discuss the potential ecological consequences of this difference below). Conversely, while the largest number of FTCs is currently observed in northeastern Germany, our model suggests that this region will also experience the greatest reduction in the number of FTCs by the end of the century. However, our modelling results for the number of FTCs were not as reliable as for the other parameters. Generally, our results are biased by a lack of weather stations at high elevation sites. Spatial and temporal projections for the Alps are therefore not as reliable as for the rest of the country, which was well covered by the network of weather stations.
Ecological implications
While reduced snow cover and warmer air temperatures will increase growing season length in Germany, the question remains as to how a decreased number of FTCs and higher MSTs over winter might affect soil and plant processes during the plant growing season. For example, 0°C, the threshold we use to define FTCs, results in abrupt changes in microbial activity and substrate usage because of decreases in the availability of liquid water (Mikan et al. 2002) . However, much colder temperatures are typically required to cause microbial lysis, and microbial growth can continue below freezing (McMahon et al. 2009 ). Nevertheless, the sub-lethal effects of freezing on soil microorganisms are not well understood; the length of freezing, the number of FTCs, and the rate of freezing can all increase cell damage for a given freezing intensity (Elliott & Henry 2009 , Vestgarden & Austnes 2009 ). In addition, for soil microorganisms that survive freezing and desiccation overwinter by accumulating osmolites, thawing can potentially cause mortality via osmotic shock, caused by exposure to melted water from snow (Jefferies et al. 2010) . Increased microbial activity in warmer soils over winter will also increase respiration, and thus can provide a positive feedback loop for climate warming in arctic (Mikan et al. 2002) , boreal (Öquist & Laudon 2008) and temperate systems (Muhr et al. 2009 ). Responses of other biogeochemical cycles to warmer soils and fewer FTCs are less clear. For ex ample, although nitrogen (N) mineralization rates can increase with higher microbial activity caused by warming over winter (Clein & Schimel 1995) , the supply of easily-decomposable material might decrease with less root damage , and a re duction in soil aggregate disruption (Oztas & Fayetorbay 2003) . Likewise, despite evidence for increased N leaching losses in response to in creased soil frost in some temperate systems , the opposite effect has been reported in others (Hentschel et al. 2008 ). Overall, soil N retention over winter will depend on plant uptake responses to climate warming (Bilbrough et al. 2000) , and microbial or abiotic N immobilization can also result in a high ecosystem N retention over winter during periods when plant uptake is low (Steltzer & Bowman 2005 , Judd et al. 2007 .
In general, plant responses to winter climate change have been under-represented in the literature relative to soil responses, and data are particularly lacking for temperate systems (Kreyling 2010) . Temperate species can incur freezing damage at temperatures in the range of -5 to -10°C (Noshiro & Sakai 1979) , which indicates that MSTs may currently be low enough at our sites to damage overwintering shoot bases and roots, but will not be low enough to do so under a warmer climate in the southern sites. Likewise, physical disruption of roots due to frost heaving and ice formation, which is another important aspect of soil frost, may be reduced or absent in the future at these sites. Changes in the number of FTCs may only have minor effects on plant performance (Steenberg-Larsen et al. 2007 ); although with climate change, plants may be particularly vulnerable to frost in early spring (Rigby & Porporato 2008) . Changes in the number of FTCs that occur primarily in mid-winter (Fortin 2010) , may conversely have little effect on plants that have completed their hardening process by that time. However, there is evidence in arctic systems that reductions in snow cover can leave plant shoots vulnerable to cold air temperatures following mid-winter melts (Bokhorst et al. 2008) . Changes in the number of FTCs may also have few effects if frost depth remains unchanged (Campbell et al. 2005) . While a sensor depth of 5 cm in our study provided a useful overall estimate of freezing at a depth where many plant roots and soil micro organisms are present, it underestimated freezing closer to the soil surface, and did not address changes in frost depth.
CONCLUSIONS
Overall, in contrast to past modelling efforts and analyses of historical data in cold temperate systems, our results suggest that reductions in snow cover as a result of climate warming in Germany -representing a warmer temperate system -will also be accompanied by an increase in MSTs, and a decrease in the number of soil FTCs. Thus, while ecologists have focussed to date on how increased soil freezing with climate warming might affect soil microorganisms and overwintering plants in warmer temperate regions, the consequences of highly reduced soil freezing or even a lack of soil freezing must be considered. Plant responses to decreased soil freezing may not be trivial, since reduced overwinter hardening caused by warming may leave plants more vulnerable to soil frosts when they do occur. Reduced frost may also promote invasion by species from southern regions, including pathogens, herbivores, or competitors. 
